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X-2 PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS

Abstract.  Observations are used to develop metrics for interannual trop-
ical instability wave (TIW) variability in the Atlantic and to relate that vari-
ability to larger scale processes. The analysis is partitioned into different lat-
itude bands to distinguish between off-equatorial (5°S, 2°N, and 5°N) and
near-equatorial (2°S and 0°) TITWs. TIW metrics based on sea surface tem-
perature (SST) and sea level anomaly (SLA) fluctuations are compared against
interannual anomalies of SST in the cold tongue region. To examine the role

of barotropic shear instabilities in modulating the intensity of a TIW sea-

son, wind stress and near-surface current indices are developed in regions where
the shear between the Equatorial Undercurrent (EUC) and the northern branch
of the South Equatorial Current (nSEC) and between the nSEC and the North
Equatorial Countercurrent (NECC) are expected to be largest. Good agree-
ment is found between the SST and SLA TIW metrics along the off-equatorial
latitude bands, and interannual variations of both metrics can largely be at-
tributed to barotropic shear instabilities. In particular, years with low (high)
TTIW variance along the off-equatorial latitude bands are associated with anoma-
lously warm (cold) SSTs in the cold tongue region, weak (strong) wind stress
divergence and curl in the EUC-nSEC region, and weak (strong) zonal cur-
rent shear in the nSEC-NECC region. In contrast, in the near-equatorial lat-
itude bands, poor agreement is found between interannual TIW activity based
on the SST and SLA metrics, and near-equatorial TIW variability cannot

be explained by the large-scale SST, wind stress divergence and curl, and

current shear indices.
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PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS X-3

1. Introduction

The upper-ocean tropical Atlantic circulation is significantly modified by local winds
and transient phenomena such as westward propagating tropical instability waves (TIWs)
[Diiing et al., 1975; Weisberg and Weingartner, 1988; Menkes et al., 2002; Foltz et al.,
2004; Grodsky et al., 2005; Bunge et al., 2007; Dutrieux et al., 2008; von Schuckmann et
al., 2008]. However, the local wind-forced circulation and TIW activity are not indepen-
dent. Atlantic TIWs typically intensify in early boreal summer in response to the seasonal
intensification of the southeasterly trade winds and the enhancement of meridional and
vertical shear in the equatorial current system, and in phase with the onset of the equato-
rial Atlantic cold tongue [e.g., Grodsky et al., 2005]. In turn, it has been shown that once
generated, the Atlantic TIWs can affect winds on short time and space scales through
air-sea coupling [e.g., Caltabiano et al., 2005; Seo et al., 2007; Wu and Bowman, 2007a]
and can reduce the shear of the background currents [e.g., Weisberg and Weingartner,
1988].

The intensity of a TIW season can vary dramatically from one year to the next [e.g.,
Caltabiano et al., 2005; Wu and Bowman, 2007b, hereafter WBO07; Athie and Marin,
2008, hereafter AMO08], and dynamic downscaling experiments using an Intergovernmental
Panel on Climate Change (IPCC) class model suggest that Atlantic TIWs are energized
under global warming scenarios [Seo et al., 2011]. TIWs act to warm the near-surface
and underlying waters of the equatorial Atlantic cold tongue on seasonal [e.g., Weisberg
and Weingartner, 1988; Foltz et al., 2003; Jochum et al., 2004; Peter et al., 2006] and

climate relevant time scales [Seo et al., 2011]. Coupled climate models exhibit large sea
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X-4 PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS

surface temperature (SST) biases in the equatorial Atlantic cold tongue region in boreal
summer [e.g., Davey et al., 2002; Richter and Xie, 2008]. The mechanisms modulating
TIW intensity and fluxes in the equatorial Atlantic are therefore of great interest.

Two distinct types of TIWs exist in the Atlantic: mixed Rossby-gravity (Yanai) waves
near the equator with periods of 14 to 40 days, and Rossby waves between 2° to 5° lati-
tude with periods of 20 to 50 days [e.g., Bunge et al., 2007; AMO08; Han et al., 2008, von
Schuckmann et al., 2008]. There is a general consensus that barotropic shear instabili-
ties associated with the meridional shear between the northern branch of the westward
flowing South Equatorial Current (nSEC) and the eastward flowing North Equatorial
Countercurrent (NECC), as well as barotropic (baroclinic) shear instabilities associated
with meridional (vertical) shear between the eastward flowing Equatorial Undercurrent
(EUC) and the nSEC, are important for generating and sustaining Atlantic TIWs [e.g.,
Philander, 1978; Weisberg and Weingartner, 1988; Grodsky et al., 2005; von Schuckmann
et al., 2008]. However, the full suite of TIW generation processes and the range of latitudes
in which they act are not well understood.

From eight years (1998 to 2005) of SST measurements from the Tropical Rainfall Mea-
suring Mission (TRMM) Microwave Imager (TMI), WB07 demonstrated that there is a
strong negative correlation between TIW related SST variance and area-averaged tropical
Atlantic SST anomalies in the region bounded by 20°W and 0° and 3°S and 3°N (ATL3
index) in boreal summer. That is, TTW SST variance tends to be largest when the equa-
torial cold tongue is strongest. However, as noted in WBO07, TIWs can best be observed
using SSTs when the meridional gradients of SST across the cold tongue are large (e.g.,

during the cold phases of the ATL3 index as well as the seasonal peak of cold tongue),
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and TTW variability may be underestimated in the SST record when meridional gradients
are small (e.g., during the warm phases of the ATL3 index as well as the onset and decay
phases of the cold tongue). Moreover, in WB07, TIW SST variance was computed in the
region bounded by 35°W and 0° and 0° and 5°N. This treatment convolves the different
types of Atlantic TIWs, that have different latitudes of maximum amplitude, into one
broadband process. Using the same time period as the WB07 study, AM08 demonstrated
that altimetric sea level anomaly (SLA) fields could be used as a measure of TIW season
intensity that is independent of the strength of the meridional SST gradient. Therefore, an
analysis of TIWs using metrics based on SST and SLA partitioned into different latitude
bands should help to quantify the interannual variability associated with near-equatorial
TIWSs and off-equatorial TTWs, and set the stage for examining their possible linkages to
larger scale processes.

In this paper, the robustness of the relationship between the ATL3 index and interannual
TIW variability is examined for the period 1998 to 2010 (i.e., the thirteen completed years
of TMI measurements). In particular, we test the consistency of this relationship in terms
of both TITW-related SST and SLA variance in order to more robustly establish the linkage
between cold tongue intensity and TIW activity. The calculations are partitioned into five
latitude bands to distinguish between the interannual variability of the different types of
Atlantic TIWs. In addition, we quantify the relationship between the SST and SLA
TIW metrics for the five latitude bands, and extend the SLA TIW variance time series
to encompass the full eighteen-year altimetric record. To examine the role of barotropic
shear instabilities in modulating the intensity of a TIW season, wind stress and near-

surface current indices are developed and compared against the TTW variability and the
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ATL3 index. These new indices provide information about the strength of the meridional
gradient of the zonal currents (%) an important component of the barotropic conversion
——om

term (—pu'v ay) in the TIW energy balance equation [e.g., Weisberg and Weingartner,

1988; Grodsky et al., 2005; von Schuckmann et al., 2008].

2. Data and methodology

2.1. Data

Four gridded data products are used in this analysis: TMI SST distributed by Re-
mote Sensing Systems, altimetric SLA fields distributed by AVISO, Quick Scatterometer
(QuikSCAT) wind stress divergence and curl from the Scatterometer Climatology of Ocean
Winds atlas [Risien and Chelton, 2008], and near-surface currents derived from a synthesis
of drifter velocities, altimetry and wind products [Niiler et al., 2003; Lumpkin and Gar-
zoli, 2011 and references therein]. TMI SST daily (3-day running average) and monthly
fields are available from January 1998 to present on a 0.25° spatial grid. AVISO delayed-
time reference SLA are obtained as weekly averages from October 14, 1992 to December 1,
2010 with 1/3° spatial resolution, and are linearly interpolated to daily intervals. Monthly
QuikSCAT wind stress divergence and curl are available from September 1999 to October
2009 on a 0.25° grid. Poleward of 2.5° latitude, the drifter-altimetry synthesis produces
weekly snapshots of Ekman and total (Ekman plus geostrophic) currents at 15-m depth
that are derived from the AVISO SLA fields, with spatially-varying gain coefficients and
time-mean field calculated to minimize the mean squared difference between geostrophic
current anomalies and concurrent Ekman-removed drifter velocities [Niiler et al., 2003].

In situ horizontal velocity data from the 10-m current meter on the Prediction and

Research Moored Array in the tropical Atlantic (PIRATA) Northeast Extension mooring
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at 4°N, 23°W from June 11, 2006 to July 25, 2010 [Bourles et al., 2008] are used for
comparison with the gridded data products. Although horizontal velocity data is also
available at the PIRATA 0°N, 23°W mooring, gaps in this record were sufficiently large

from 2008 to 2010 that data from this site is not included in the analysis.

2.2. TIW variance

TIW-related SST and SLA variance are computed for the overlap between the TMI
and AVISO records, 1998 to 2010. To isolate westward propagating TIW signals and
reduce variability associated with large-scale heating and cooling (e.g., steric effects), a
temporal and zonal band-pass Bartlett (i.e., triangle) filter is applied to the daily SST
and SLA data. This filter has a 20-to-50 day temporal and 4°-to-12° zonal window, and
has better side-lobe properties than the boxcar filter applied to SST in WB07. Hanning
and frequency-domain filters were also tested and produced similar results as the Bartlett
filter (not shown). Because a zonal band-pass filter cannot be applied to the time series
of horizontal velocity at the 4°N, 23°W mooring, this data set is only band-pass filtered
in time (20-to-50 day). Prior to filtering, gaps in the mooring data shorter than 3 days
are filled via linear interpolation.

WBO07 averaged Atlantic TIW activity from June to August and did not take into
account interannual variations in the month of peak TIW variability [Caltabiano et al.,
2005; AMO0S|. Here, TIW-related variance is computed over a 4-month sliding window
to allow the month of peak TIW activity to change from year to year. Variance is then
box-averaged in five 2° wide latitude bands centered on 5°S, 2°S, 0°, 2°N; and 5°N from
25°W to 0° (Figure la). Note that the 5°N band is terminated at 10°W due to the

basin geometry. This partitioning of variance with latitude allows for characterization
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X-8 PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS

of interannual variability of near-equatorial and off-equatorial TIWs. At the 4°N, 23°W
mooring, the 4-month sliding window variance is only computed when a minimum of 15

daily records is available.

2.3. Indices

2.3.1. ATL3 index

The ATL3 index as first defined by Zebiak [1993] is the Atlantic counterpart to the
Pacific Nino3.4 index, and is computed in the following manner from the monthly TMI
SST data set. At each grid point in the ATL3 region (Figure 1b), seasonal cycles are
generated by fitting SST to an annual and semi-annual cycle for the overlapping time
period between TMI SST, QuikSCAT wind stress, and drifter-altimetry synthesis data
(September 1999 to October 2009). The seasonal cycles are removed to generate monthly
SST anomalies for the thirteen-year TMI record (1998 to 2010). These monthly anomalies
are then averaged over the ATL3 region.
2.3.2. Barotropic shear indices

Indices are developed for the strength of the meridional gradient of the zonal currents
in the northern half of the ATL3 region (20°W and 0° and 0° and 3°N) and just north
of the ATL3 region (20°W and 0° and 3°N and 6°N) where the negative shear associated
with the EUC-nSEC and the positive shear associated with the nNSEC-NECC are expected
to be largest, respectively (Figure 1b). The 15-m drifter-altimetry synthesis is available
poleward of 2.5° latitude, and direct measurements of the meridional gradients of the
Ekman and total (Ekman plus geostrophic) zonal currents can be obtained in the nSEC-

NECC region. Meridional gradients are computed using centered differences at each grid
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point in the nSEC-NECC region, the seasonal cycles are removed, and the Ekman and
total zonal current shear anomalies are then box-averaged.

In absence of direct current measurements near the equator from which to estimate
meridional shear in the EUC-nSEC region (Figure 1b), wind stress divergence and curl
indices are computed from the monthly QuikSCAT data set. Wind stress divergence and
curl are developed as indices because close to the equator they provide information about
the strength of wind-driven vertical motion and the strength of the meridional gradient
of the wind-driven zonal currents, respectively [e.g., Cane, 1979; Lagerloef et al., 1999;
Wittenberg, 2002; Perez and Kessler, 2009]. This can be seen from the simple equatorially-
modified Ekman model applied in Perez and Kessler [2009], where wind-driven zonal and

meridional transport, U, and V., are given by

A rsTe T Ty Ty — [T
0 = (i mirr ) v

where 7, and 7, are the zonal and meridional components of wind stress, py is seawater
density, f = 2Qsinfd (Q = 7.29 x 1075 sec™!, 0 is the latitude) is the Coriolis parameter,
and 7, is the vertical shear dissipation rate. The wind-driven vertical velocity is given by

the divergence of (U,, V;) and has the form

_ rsdiv(re, 1) + feurl(me, 1) B = )T — 2fBreTy
W= P (77 4 2P .
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where 3 = 9f /0y = 2.28 x 107! m~! sec™!. From (1) the meridional shear of wind-driven

zonal transport is given by

oU, =[G B =D, + 2/ BT,

oy

po(f? +73) po(f?+712)?

In this formulation, it is assumed that r is constant and spatial and temporal variations

of the surface mixed layer thickness have been neglected. Given these limitations, the

following equations are merely provided to aid in the interpretation of the wind stress

divergence and curl indices.

In the EUC-nSEC region, where f is assumed comparable in magnitude to rg, the first

term in equations (2) and (3) carries the largest percentage of total variance (e.g., for

r;t = 1.5 day &~ f at 3°N, these terms carry 84% and 52%, respectively, of the total

variance). Equations (2) and (3) can therefore be approximated as

and

_ rsdiv(Ty, Ty)

Wr X ——F 75 o
po(f2+12)

or,
8Uq— ~ ng_;

oy " po(f2+r2)

On the time and length scales considered here for the index calculation (i.e., longer than

TIW scales), equatorial wind stress divergence and curl are largely controlled by the
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meridional gradient terms, 07,/0y and —07,/0y, respectively. Therefore, (5) can be

rewritten in terms of wind stress curl

ou, _TSCUTZ(Tx,Ty)
dy po(f2+12)

such that anomalous positive (negative) curl just north of the equator will increase (de-
crease) the magnitude of the negative meridional shear between the EUC and the nSEC.
Similarly, (4) shows that anomalous positive (negative) divergence will increase (decrease)
equatorial upwelling in the EUC-nSEC region. Equatorial upwelling sets the strength of
meridional gradients of SST and dynamic height anomaly (®) across the cold tongue, and
thereby controls the strength of the meridional shear of geostrophic zonal currents in the
EUC-nSEC region. For example, geostrophic velocity at the mean latitude of the nSEC
core, 0 (typically near 2°N), and at the equator can be defined in terms of the first and

second meridional derivatives of ® as

ug(0) = Ol (7)
and
o _90%®
uy(0°) = G | (8)

respectively. The anomalous geostrophic current shear between the two latitudes,
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duy __€<l8_q) 1o > 9)
oy 9/2_ O\foOyle B Oy? loe ’
fo 0%@

is negative if g—§|9 > 0o. In other words, a large enough increase (decrease) in

B8 oy

the strength of meridional gradient of ® with respect to £2|g can increase (decrease)
Oy

the magnitude of the negative meridional shear between the EUC and the nSEC. This

geostrophic current shear combined with the wind-driven zonal current shear inferred from

(6) provides a mechanism for generating barotropic shear instabilities in the EUC-nSEC

region.

3. Results

In this section, interannual TTW variability and its connection to larger scale processes
in the tropical Atlantic are examined. We start by quantifying the relationship between
the SST and SLA TIW variance for the different latitude bands, and then relate the TIW
metrics to the five indices: SST anomalies averaged over the ATL3 region, wind stress
divergence and curl anomalies averaged over the EUC-nSEC region, and 15-m Ekman and

total zonal current shear in the nSEC-NECC region.

3.1. Interannual TIW variability

Figure 2 shows the normalized SST and SLA TIW variance as a function of time for the
five latitude bands (blue and black curves, respectively). For each latitude band and field,
the variance time series is scaled by its maximum observed variance between 1998 to 2010
(see Table 1 for a list of these values). The maximum SST TIW variance, 0.05 °C2, is found

along the 2°N latitude band during 2001, consistent with WBO07 and AMOS. Similarly,
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the maximum SLA TIW variance (1.04 ¢m?) occurs in 2001 along the 5°N latitude band.
Although consistent with AMOS, in that they found 2001 to be a year of high SLA TIW
variability, 2002 was the strongest TIW season in their analysis. Note that the maximum
horizontal velocity TIW variance in the shorter PIRATA mooring record is 254.6 cm?s™2
in 2009.

From Table 1 it is evident that SST TIW variance is large in the bands near the mean
latitude of the northern cold tongue front (2°N and 0°), although significant variance is
also found along the 5°N and southern (2°S and 5°S) latitude bands. In contrast, SLA
TIW variance tends to be largest away from the equator along the 5°N and to a lesser
extent the 5°S, 2°S, and 2°N latitude bands (Table 1) consistent with the cross-equatorial
structure of shear-modified Rossby waves [e.g., Lyman et al., 2005; AMO0S|.

The month of peak TIW activity changes from year to year. The two most likely
months for the annual maximum in SST and SLA variance along the northern latitude
bands (2°N and 5°N) are June and July (Table 2). In contrast, peak TIW variance is
typically found in late boreal summer/early fall along the 0° and southern latitude bands.
Hence, the seasonal peak in TIW variance is defined as the annual maximum between
May and October to better represent TIW activity along the different latitude bands.

The seasonal peaks in SST and SLA TIW variance are highly correlated with one
another (correlations between 0.65 and 0.75) for the 5°S, 2°N, and 5°N latitude bands
(black and blue stars in Figure 2a,b,e). Along the northern latitude bands, the extreme
events tend to be similar for the SST and SLA TIW metrics (Figure 2a,b). For example,

during 2006 to 2009 there are three consecutive years (2006 to 2008) of anomalously low

TIW intensity followed by a very strong TIW season in 2009. These events are also
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observed in the horizontal velocity TIW variance record at the PIRATA mooring (red
curve in Figure 2a). The ordering of the more moderate events, however, can differ
between the two TIW metrics and between the two northern latitude bands (e.g., 2002
is a moderate-to-strong year for SST and SLA TIW variance at 2°N and the SLA TIW
variance at 5°N, but it is a relatively weak year for the SST TIW variance at 5°N). The
extent to which SST TIW variance along the 2°N and 5°N latitude bands depends on
interannual variations in the strength of meridional SST gradients across the northern
front of the cold tongue (i.e., the ATL3 index) vs. TIW dynamics will be explored in
section 3.3.

Partitioning the variance by latitude shows that while TIW variance at 2°N and 5°N
is modestly correlated with TIW variance along the 5°S latitude band, there is poor or
negative correlation with TIW variance along the 2°S and 0° latitude bands (Table 3).
The lack of correlation between the off-equatorial TIWs (defined here as the 5°S; 2°N,
and 5°N latitude bands) and near-equatorial TIWs (2°S and 0°N latitude bands) helps to
explain some differences between the ordering of TIW seasons in this study and previous
studies. In WB07 and AMO08, off-equatorial TIWs were convolved with near-equatorial
TIWSs in their measures of TIW season intensity. For instance, WBO07 found 2004 to be
a strong year based on their analysis of SST TIW variance from 0° to 5°N, while in the
present analysis 2004 is the year of maximum SST TIW variance only along the 0° latitude

band (Table 3).

3.2. Relationship of ATL3 SST with barotropic shear indices
In this section, the relationship between the barotropic shear indices (cf. section 2.3.2)

with the ATL3 SST index is examined (Figures 3 and 4). A comparison of the ATL3 SST
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and wind stress divergence and curl indices (Figure 3a-c) shows that time periods when
SSTs in the tropical Atlantic cold tongue are anomalously warm (positive ATL3) such as
the years 2006 to 2008, divergence and curl are anomalously weak (negative divergence
and curl indices) in the EUC-nSEC shear region. Whereas during time periods when
the cold tongue is anomalously cold such as the years 2000 and 2001, divergence and
curl are anomalously strong in the EUC-nSEC shear region. The correlation of ATL3
SST and wind stress divergence is particularly strong, and in fact it is more strongly
correlated with divergence than it is with the zonal or meridional components of the
wind stress. Note, Zebiak [1993] previously showed that zonal (meridional) pseudostress
anomalies in the central tropical Atlantic were only modestly (poorly) correlated with the
ATL3 index. Figure 3d demonstrates that there is nearly equivalent negative correlation
between the ATL3 and divergence index at zero-lag and one-month lag (r = —0.75, SST
slightly lags divergence) and negative correlation between the ATL3 and curl index at
one-month lag (r = —0.42, SST lags curl). The strong relationship between the ATL3
SST and wind stress divergence is to be expected because wind-driven vertical motions,
which modify cold tongue SST and the meridional shear of geostrophic zonal currents,
depend on wind stress divergence near the equator (cf. section 2.3.2). Moreover, the
ocean and atmosphere are coupled, and wind stress divergence and curl anomalies may be
enhanced by SST anomalies via the Lindzen and Nigam [1987] mechanism and positive
Bjerknes feedback [e.g., Keenlyside and Latif, 2007].

A similar comparison of the ATL3 SST index with the 15-m Ekman and total zonal
current shear indices (Figure 4a-c) shows that periods with anomalously warm SST in the

cold tongue region tend to be associated with weak Ekman and total zonal current shear in
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the nSEC-NECC shear region, and vice versa. While these relationships are not as strong
as for wind stress divergence (compare Figures 3d and 4d), the correlations between the
ATL3 index and Ekman zonal current shear (r = —0.51) and between the ATL3 and
total zonal current shear (r = —0.43) are significant at one-month lag. Note that the
total zonal current shear exceeds Ekman shear by almost an order of magnitude (different
y-axis in Figure 4b,c), which means that geostrophic zonal current shear is important in

the nSEC-NECC region.

3.3. Relationship of TIW intensity to SST and barotropic shear indices

To examine the larger scale processes that modulate TIW season intensity, the seasonal
peaks in SST and SLA TIW variance along the 2°N and 5°N latitude bands (stars in
Figure 2a,b) are compared against the SST and barotropic shear indices. As the cold
tongue and Atlantic TIWs typically intensify in early boreal summer, WB07 compared the
SST TIW variance with the ATL3 index averaged from June to August. Here, the ATL3
averaging window is broadened to June to September to account for years with delayed
cold tongue onset. Wind stress divergence is also averaged from June to September, since
it is nearly in phase with the ATL3 index (Figure 3d). The other indices are averaged
from May to August, as they all lead the ATL3 index by one month (Figures 3d and 4d).
Note, summer-time divergence and curl comparisons are limited to the years 2000 to 2009
due to the shorter QuikSCAT record length, whereas the other comparisons are made for
the years 1998 to 2010.

Despite partitioning the SST TIW variance into latitude bands and adding five more
years to the SST record, the WBO07 ATL3-SST TIW variance relationship still holds

(Figures ba and 6a), with strong negative correlations between the ATL3 index and SST
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TIW variance of —0.86 along the 2°N latitude band and —0.74 along the 5°N latitude
band. In particular, the anomalously warm summer SSTs during the years 2006 to 2008
coincide with some of the weakest TIW seasons in the thirteen-year record, when TIW
seasonal intensity is characterized by the SST metric. Both the wind stress divergence
and curl indices in the EUC-nSEC region describe well the SST TIW variance during
2000 to 2009 along both latitude bands with positive correlations between 0.7 and 0.83
(Figures 5b,c and 6b,c). Years with low TIW activity tend to have negative divergence
(i.e., downwelling favorable) and negative curl anomalies in boreal summer, and vice
versa. In general, there is less spread in the curl-SST TIW variance relationship than
the divergence-SST TIW variance relationship and better agreement with the wind-based
indices along 5°N than along 2°N. SST TIW variance correlates quite strongly with the
Ekman and total zonal current shear in the nSEC-NECC region for both latitude bands
(Figures 5d,e and 6d,e) such that years of weak (strong) shear are typically associated
with years of low (high) TIW activity.

When TIW season intensity is characterized by SLA variations rather than SST vari-
ations, those variations depend more on anomalous wind stress divergence and curl in
the EUC-nSEC or anomalous current shear in the nSEC-NECC regions than on anoma-
lous cold tongue SSTs (Figures 7 and 8). There are far more outliers in the relationship
between SLA TIW variance along the 2°N and 5°N latitude bands and the ATL3 index
(Figures 7a and 8a), and correlations are only significant along 2°N (-0.58). Although
there is a great deal of spread in the wind stress divergence-SLA TIW variance relation-
ship along the 2°N latitude band (Figure 7b), the curl-SLA TIW variance relationship is

robust with a positive correlation of 0.71 (Figure 7c). Along the 5°N latitude band (Fig-

DRAFT September 2, 2011, 2:15pm DRAFT



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

X-18 PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS

ure 8b,c) where the SLA response is largest (Table 1), the correlations between divergence
and SLA TIW variance and between curl and SLA TIW variance are both significant (0.63
and 0.69, respectively). Ekman zonal current shear in the nSEC-NECC region explains
SLA TIW variance well for both latitude bands (Figures 7d and 8d), but the total nSEC-
NECC current shear can only explain SLA TIW variance along the 5°N latitude band
(Figure 8e).

Figure 9 shows correlations between SST and SLA TIW variance with the five indices
for all latitude bands. For the indices tested here, correlations with SST and SLA TIW
variance are all poor or of opposing sign for the near-equatorial (0° and 2°S) latitude
bands. Although correlations are modest and not significant at the 95% level along the
5°S latitude band, TIW season intensity tends to vary at that latitude in the same way
that it does at the northern latitudes. This suggests that the interannual TIW-band
variance at 5°N and 5°S is linked [consistent with previous findings by AMO8], and that
the instability, even if drawing its energy mainly from current shear north of the equator,

manifests itself as a shear-modified equatorial Rossby wave (cf. section 3.1).

4. Discussion and conclusion

A previous study by WB07 demonstrated that there is a strong relationship between
TIW SST variability and SST anomalies in the equatorial Atlantic cold tongue region, such
that TIW SST variance tends to be largest when the equatorial cold tongue is strongest
and meridional SST gradients across the cold tongue are most pronounced. However, their
study did not take into consideration (1) that different types of TIWs exist in the Atlantic
with different latitudes of maximum amplitude, and (2) that the correlation between SST

variance and large-scale SST gradient can be artificially heightened due to the “visibility”
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of the cold tongue front (e.g., TIWs can best be observed using SSTs when the cold tongue
SST gradients are large), motivating a TTW metric based on SLA.

To address these issues, the ability to characterize interannual TIW variability in the
Atlantic using both TMI SST and AVISO SLA was explored in this paper. Moreover, the
analysis was partitioned into five 2° wide latitude bands (5°S, 2°S, 0°, 2°N, and 5°N) to
distinguish between near-equatorial and off-equatorial TIWs. Along each latitude band,
interannual TIW variability was related to larger-scale processes by comparing with the
summer-time averages of five indices: SST anomalies averaged over the ATL3 region,
wind stress divergence and curl anomalies averaged over the EUC-nSEC region, and 15-m
Ekman and total zonal current shear in the nSEC-NECC region. The wind and current
shear indices were developed because they provide information about the strength of
the meridional gradient of the zonal currents, and allow for examination of the role of
barotropic shear instabilities in modulating the intensity of a TIW season. It was shown
that the five indices were strongly linked, with decreased (increased) wind stress divergence
and curl in the EUC-nSEC region as well as decreased (increased) Ekman and total zonal
current shear in the nSEC-NECC region coincident with or preceding warming (cooling)
of SSTs in the ATL3 region by one month.

Interannual variations of SST and SLA TIW variance were well correlated with each
other along the off-equatorial latitude bands (5°S, 2°N, and 5°N) and poorly correlated
with each other along the near-equatorial latitude bands (2°S and 0°). During 1998
to 2010, the largest amplitude TIW variations were found along 2°N for SST and 5°N
for SLA (with maximum TIW variance during 2001). The relative ordering of more

moderate events along the northern (2°N and 5°N) latitude bands differed between the
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two TIW metrics. However, extreme events such as the three anomalous years of low
TIW intensity followed by a very strong TIW season between 2006 to 2009 were similar
for both metrics, and agreed well with TTW variance computed from data at the 4°N,
23°W PIRATA mooring. AMO08 demonstrated that interannual SLA TIW variations in
the northern (0° to 8°N) and southern (8°S to 0°) hemispheres were related, however, their
analysis convolved the different types of TIWs (see their Figure 9). By partitioning the
variance into latitude bands, the present analysis expanded upon that result and showed
that TIW variance north of the equator was modestly correlated with TIW variance along
the 5°S latitude band, and poorly or negatively correlated with TIW variance along the
near-equatorial latitude bands.

Along the northern latitude bands, the ATL3-SST TIW variance relationship was found
to be robust, qualitatively consistent with WBO07, and the anomalously warm summer
SSTs during the years 2006 to 2008 coincide with some of the weakest TIWs in the
thirteen-year SST record. In this study, however, it was further demonstrated that years
with low (high) SST TIW variance along the northern latitude bands were typically as-
sociated with anomalously weak (strong) summer-time wind stress divergence and curl in
the EUC-nSEC region as well as weak (strong) Ekman and total zonal current shear in
the nSEC-NECC region. While all indices were strongly related to SST TIW variance,
significant correlations with the SLA TIW variance were only found for the ATL3 SST,
wind stress curl in the EUC-nSEC region, and Ekman shear in the nSEC-NECC region
along the 2°N latitude band as well as for all of the wind and current shear indices along
the 5°N latitude band. Although the correlations were modest and not significant at the

95% level for the 5°S latitude band, SST and SLA TIW variance tended here to be corre-
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lated with the five indices in the same way as the northern latitude bands suggesting that
the off-equatorial TIWs are governed by similar mechanisms. It is evident from the low
or negative correlations between TIW variance along the near-equatorial latitude bands
and the five indices tested here, that near-equatorial TIW variability cannot be explained
by the large-scale SST, wind stress curl and divergence, and zonal current shear indices.

Interannual variations in the strength of the northern cold tongue front can influence the
ordering of TIW seasons in the TIW metric based on SST relative to the metric based on
SLA (i.e., there is some artificial heightening of SST TIW variability due to “visibility”).
However, the correlation analyses conducted here indicate that the interannual variations
of both SST and SLA TIW variance along the off-equatorial latitude bands can largely be
attributed to barotropic shear instabilities between the nSEC and NECC. The data were
insufficient to fully evaluate the dependence of interannual TIW variability on meridional
shear between the EUC and nSEC, but the skill of wind stress divergence and curl in
explaining TIW season intensity indicates that barotropic shear instabilities between the
EUC and nSEC also play a role.

A previous model study by von Schuckmann et al. [2008] found baroclinic energy
production in the nSEC-NECC region to be weaker than barotropic energy production in
boreal summer (i.e., during the seasonal peak in TIW variance for the northern latitude
bands, see Table 2). The role of baroclinic shear instabilities in driving interannual TTW
variability was not examined in this study. However, high positive correlations (greater
than 0.6) were found between the TIW metrics along the off-equatorial latitude bands
and meridional SST gradients in the EUC-nSEC region (very similar to the ATL3 index)

and modest correlations (between 0.2 and 0.6) were found between the TTW metrics and
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SST gradients in the nSEC-NECC region (not shown), indicating that baroclinic shear
instabilities may also be important in these regions. In order to develop better indices for
TIW season intensity, analyses of the full barotropic and baroclinic conversion terms (e.g.,
—pr—Z and —gv’—p’g—g / |% ) need to be performed. This analysis requires knowledge of
the meridional and vertical gradients of the background zonal currents (@) and density
field (p), as well as the eddy flux terms (e.g., v/v’ and v/p’), which calls for the use of high-
resolution ocean models that can provide an internally consistent representation of the
upper-ocean circulation on intraseasonal to decadal time scales, and ultimately long-term
ocean observations at sites including the PIRATA moorings.

The use of AVISO SLA allows the TIW variance time series to be extended back to
the beginning of the altimetry record in late 1992 (Figure 10). Based on the longer
record, it is clear that off-equatorial TIWs in the 1990s were less energetic than in the
2000s. In particular, there was another three year period of anomalously weak TTWs
from 1997 to 1999 along the 5°N and 5°S latitude bands. In contrast, near-equatorial
TIW activity was relatively low in the 2000s compared with the 1990s, with maximum
TIW variance occurring during 1999. Further model and observation based studies are

needed to determine how these long-term variations in TIW season intensity along the

different latitude bands impact the cold tongue heat balance in the equatorial Atlantic.
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List of Figures

1. Schematic maps indicating a) latitude bands in which TIW variances are com-
puted (August 1 - 4, 2009 TMI SST shown in color) and b) ATL3, EUC-nSEC, and
nSEC-NECC regions in which indices are computed (annual mean TMI SST during 2009
shown in color). Yellow star in a) shows location of 4°N, 23°W PIRATA Northeast Ex-

tension mooring.

2. Normalized TIW variance in latitude bands along a) 5°N; b) 2°N, ¢) 0°, d) 2°S,
and e) 5°S for TMI SST (blue curve) and AVISO SLA (black curve) from 1998 to 2010.
PIRATA horizontal velocity TIW variance (red curve) is overlaid on panel a). Brown lines
in a) and b) highlight the years 2006-2009. Seasonal peaks in TIW variance are identified

by stars. Correlations between SST and SLA peak TIW variance are given in each panel.

3. A comparison of a) ATL3 SST, b) wind stress divergence, and c¢) wind stress curl
indices from 1998 to 2010 (a four-month Bartlett low-pass filter was applied to the indices
solely for visualization purposes). Brown lines in a) to ¢) highlight the years 2006-2009.
Lagged correlations between divergence (solid black curve) and curl (solid blue curve)
indices with the ATL3 SST index are shown in panel d). Dashed lines in d) indicate

upper and lower bounds for 95% confidence intervals.

4. A comparison of a) ATL3 SST, b) Ekman zonal current shear, and c) total zonal
current shear indices from 1998 to 2010 (a four-month Bartlett low-pass filter was applied
to the indices solely for visualization purposes). Brown lines in a) to c¢) highlight the
years 2006-2009. Lagged correlations between Ekman (solid black curve) and total (solid
blue curve) zonal current shear indices with the ATL3 SST index are shown in panel d).

Dashed lines in d) indicate upper and lower bounds for 95% confidence intervals.
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560 5. Peak TIW SST variance (blue stars from Figure 2) along 2°N as a function of
o the five indices: a) June to September ATL3 SST in °C, b) June to September wind stress
s divergence in Nm™2(10%km)~1, ¢) May to August wind stress curl in Nm=2(10%km)~,
52 d) May to August Ekman zonal current shear in s7! x 1077, and e) May to August total
s:  zonal current shear in s71 x 1075,

574 6. Same as Figure 5 except along 5°N.

75 7. Peak TIW SLA variance (blue stars from Figure 2) along 2°N as a function of
s the five indices: a) June to September ATL3 SST in °C, b) June to September wind stress
s divergence in Nm™2(10%km)~!, ¢) May to August wind stress curl in Nm=2(103km)~",
s d) May to August Ekman zonal current shear in s7! x 1077, and e) May to August total
s zonal current shear in s71 x 1075,

550 8. Same as Figure 7 except along 5°N.

61 9. Correlations between peak TIW a-e) SST and f-j) SLA variance with the five
= indices: a, f) ATL3 SST; wind stress b, g) divergence and ¢, d) curl; as well as d, i) Ekman
= and e, j) total zonal current shear. Dashed lines indicate upper and lower bounds for 95%
s« confidence intervals.

55 10. Same as Figure 2 except for full AVISO SLA record.
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Table 1. Minimum and maximum TIW variance from 1998 to 2010 and the year of maximum

TIW variance along the five latitude bands. Bold values indicate the overall maximum for SST

and SLA TIW variance. Note that for the 4°N, 23°W mooring, the minimum and maximum

velocity TIW variance are 17.9 and 254.6 cm?s~

2

, respectively, with maximum variance found in

2009.
Latitude | Min 0%¢; Max 0%¢r  Year |Min 02,4 Min o%;,  Year
(°C?) (°C?)  Max oy | (em?®)  (em?) Max oy,
5°N 0.003 0.015 2009 0.095 1.043 2001
2°N 0.004 0.050 2001 0.046 0.251 2010
0° 0.004 0.032 2004 0.048 0.134 1998
2°S 0.001 0.012 2002 0.053 0.241 1998
5°S 0.001 0.013 2005 0.037 0.302 2008
DRAFT September 2, 2011, 2:15pm DRAFT



PEREZ ET AL.:

INTERANNUAL VARIATIONS OF ATLANTIC TIWS

X-31

Table 2. Primary and secondary months of SST and SLA peak TIW variance from 1998 to

2010 along the five latitude bands. Percentage of occurrence for the thirteen-year record is listed

for each month. If primary month has percentage of occurrence greater than 80%, secondary

month is not listed.

Latitude

SST
Month(s) %o

SLA
Month(s) %

5°N
2°N
OO
2°S
5°S

June, July 38, 31
July, — 85, —
July, August 38, 38
July, August 69, 23
July, August 77, 15

July, June 62, 23
June, July 46, 38
June, July 31, 31
August, September 46, 46
July, August 46, 38
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Table 3.

PEREZ ET AL.:

INTERANNUAL VARIATIONS OF ATLANTIC TIWS

Auto- and cross-correlation between SST and SLA seasonal peak TIW variance

along the five latitude bands with SST peak variance at 2°N and SLA peak variance at 5°N.

Bold values indicates correlations that are at least significant at the 95% confidence level.
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U%‘STQON U%‘LA 5°N U%ST 20N U%LA,soN
0%srson| 0.75 0.65 |03, 45n| 0.58 -
20N - 0.58 »on | 0.67 0.60
oon | 0.09 -0.37 oon | 0.12 -0.22
205 | 0.35 0.27 20g| -0.12 -0.59
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Variance Bands

a) 12N +
8N
4N
Q-
48
60W  40W  20W 0

Indices

b) 12N 4 ' ~_ iy
SN N ‘
N
EQ-
48
60W  4OW

Figure 1. Schematic maps indicating a) latitude bands in which TIW variances are computed

(August 1 - 4, 2009 TMI SST shown in color) and b) ATL3, EUC-nSEC, and nSEC-NECC
regions in which indices are computed (annual mean TMI SST during 2009 shown in color).

Yellow star in a) shows location of 4°N, 23°W PIRATA Northeast Extension mooring.
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TIW Variance (5N band)

| | |
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Norm. Var.
o
(6)]
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(2N band)

| | |
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o
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(EQ band)
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(e)
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(5S band)
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) T7=075 p=99.1%
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Figure 2. Normalized TIW variance in latitude bands along a) 5°N, b) 2°N, ¢) 0°, d)

Norm. Var.

2°S, and e) 5°S for TMI SST (blue curve) and AVISO SLA (black curve) from 1998 to 2010.
PIRATA horizontal velocity TIW variance (red curve) is overlaid on panel a). Brown lines in a)
and b) highlight the years 2006-2009. Seasonal peaks in TIW variance are identified by stars.

Correlations between SST and SLA peak TIW variance are given in each panel.
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ATL3 index (TMI)
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Figure 3. A comparison of a) ATL3 SST, b) wind stress divergence, and c¢) wind stress
curl indices from 1998 to 2010 (a four-month Bartlett low-pass filter was applied to the indices
solely for visualization purposes). Brown lines in a) to ¢) highlight the years 2006-2009. Lagged
correlations between divergence (solid black curve) and curl (solid blue curve) indices with the
ATL3 SST index are shown in panel d). Dashed lines in d) indicate upper and lower bounds for

95% confidence intervals.
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ATL3 index (TMI)

1998 2000 2002 2004 2006 2008 2010
Ekman Shear index (Drifter Synthesis)
b) 1 _
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Lag (months)
Figure 4. A comparison of a) ATL3 SST, b) Ekman zonal current shear, and c) total zonal

current shear indices from 1998 to 2010 (a four-month Bartlett low-pass filter was applied to the
indices solely for visualization purposes). Brown lines in a) to c¢) highlight the years 2006-2009.
Lagged correlations between Ekman (solid black curve) and total (solid blue curve) zonal current
shear indices with the ATL3 SST index are shown in panel d). Dashed lines in d) indicate upper

and lower bounds for 95% confidence intervals.
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2

Peak TIW SST variance (blue stars from Figure 2) along 2°N as a function of the

five indices: a) June to September ATL3 SST in °C, b) June to September wind stress divergence

in Nm=2(103%km)~", ¢) May to August wind stress curl in Nm™2(10%km)~!, d) May to August

Ekman zonal current shear in s™! x 1077, and e) May to August total zonal current shear in

st x 1076,

DRAFT

September 2, 2011, 2:15pm

DRA

FT



PEREZ ET AL.:

° a) { 5N:1=-0.74, p = 99.6% b) { 5N:r=0.78, p = 99.2%
2 1 ++%%
.8 0.8 0.8
g 401
S 0.6 0.6
> +02
~ 0.4 04 +04 /405
5
A 0.2 0.2 +03
0 + 08, 98899 0 b
-1 -05 0 05 1 -3 -15 0 15 3
ATL3 Index Div Index
o d) { 5N:r=0.71, p = 99.3% e) | 5N:r=0.75, p = 99.7%
e 1 % 0 1
.g 0.8 0.8
<
= 0.6 0.6
. 04 0.4
R 02 0.2
0 0
-1 -05 0 05 1 -1 -05 0 05 1
Ekman Shear Index Total Shear Index

Figure 6. Same as Figure 5 except along 5°N.
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Figure 7. Peak TIW SLA variance (blue stars from Figure 2) along 2°N as a function of the
five indices: a) June to September ATL3 SST in °C, b) June to September wind stress divergence
in Nm=2(10%km)~", ¢) May to August wind stress curl in Nm™2(10%km)~!, d) May to August
Ekman zonal current shear in s7! x 1077, and e) May to August total zonal current shear in

st x 1076,
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Figure 8. Same as Figure 7 except along 5°N.
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Figure 9. Correlations between peak TIW a-e) SST and f-j) SLA variance with the five indices:

a, f) ATL3 SST; wind stress b, g) divergence and c, d) curl; as well as d, i) Ekman and e, j) total

zonal current shear. Dashed lines indicate upper and lower bounds for 95% confidence intervals.
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TIW Variance (5N band)
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Figure 10. Same as Figure 2 except for full AVISO SLA record.
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